An X-ray structure of the lactose permease of Escherichia coli (LacY) in an inward-facing conformation has been solved. LacY contains N-and C-terminal domains, each with six transmembrane helices, positioned pseudosymmetrically. Ligand is bound at the apex of a hydrophilic cavity in the approximate middle of the molecule. Residues involved in substrate binding and H + translocation are aligned parallel to the membrane at the same level and may be exposed to a water-filled cavity in both the inward-and outward-facing conformations, thereby allowing both sugar and H + release directly into either cavity. These structural features may explain why LacY catalyzes galactoside/H + symport in both directions utilizing the same residues. A working model for the mechanism is presented that involves alternating access of both the sugar-and H + -binding sites to either side of the membrane.
INTRODUCTION
The mechanism of energy transduction in biological membranes is an important, fascinating problem. It has been recognized for some time that the driving force for a variety of seemingly unrelated phenomena (e.g., secondary active transport, oxidative phosphorylation, and rotation of the bacterial flagellar motor) is a bulk-phase, transmembrane electrochemical ion gradient. However, insight into the molecular mechanisms by which free energy stored in such gradients is transduced into work or into chemical energy has just begun. On the other hand, gene sequencing and analyses of deduced amino acid sequences indicate that many biological machines involved in energy transduction-membrane transport in particular-fall into families encompassing proteins from archaea to the mammalian central nervous system (http://www.tcdb.org/), thereby raising the possibility that the members may have common basic structural features and mechanisms. In addition, many of these proteins play important roles in human disease (e.g., cystic fibrosis, resistance to antibiotics and chemotherapeutic drugs, gastric ulcer, glucose/galactose malabsorption and some forms of drug abuse), as well as the mechanism of action of a number of drugs.
Transport involves substrate-specific membrane proteins that catalyze equilibration and/or uphill translocation of solute across a membrane. These proteins are called a variety of interchangeable names-symporters, cotransporters, transporters, carriers, or permeases. Three main categories of systems are involved in active transport, and each utilizes a distinct energy source: (a) The phosphoenolpyruvate:sugar phospho-transferase system (PTS) is a multicomponent system that catalyzes vectorial phosphorylation of various sugars and sugar alcohols in certain bacteria exclusively (40, 76) . Thus, in Escherichia coli, for example, glucose and certain other sugars and sugar alcohols are translocated across the membrane by PTScatalyzed phosphorylation (i.e., glucose appears on the cytoplasmic side of the membrane as glucose-6-phosphate). The glucose PTS also plays a key role in the phenomenon of catabolite repression. (b) Transporters of the ATP-binding cassette (ABC) system (19) are found in both prokaryotes and eukaryotes and have a common global organization with two integral membrane components, each of which has multiple-transmembrane helices, and two cytoplasmic components, each of which has one ATP-binding cassette (19, 61) . ABC transporters may be in the form of a monomer or various combinations of fused components. These systems utilize the energy released from the hydrolysis of ATP to drive accumulation or efflux unidirectionally against a concentration gradient. Many bacterial ABC systems also require a binding protein on the outside surface of the membrane. (c) Transporters that utilize an electrochemical ion gradient (46, 120) are also known as secondary transporters. Primary systems consist of pumps that generate an electrochemical ion gradient. Most ion-coupled transport proteins are composed of 12 to 14 membrane-spanning helices (http://www.tcdb.org/), and for those studied intensively, a single polypeptide utilizes the free energy released from the energetically downhill movement of a cation (mainly H + or Na + ) in response to an electrochemical ion gradient to catalyze transport of substrate against concentration gradient. However, neurotransmitter reuptake transporters often utilize anions, as well as cations (51, 70) . Unlike the PTS, with ion-gradient-driven transport, substrate enters the cell in an unchanged form. Mechanistically and energetically, only the ion-gradient-driven permeases catalyze solute/ion symport in both directions across the membrane (influx and efflux), unlike the other systems described.
With regard to ion-gradient-driven permeases, the chemiosmotic hypothesis of Peter Mitchell (66) (67) (68) has been supported strongly by the experiments of West (112) and West & Mitchell (113, 114) and demonstrated quantitatively in bacterial membrane vesicles (41) (42) (43) . Thus, accumulation of a wide variety of solutes against a concentration gradient is driven by an electrochemical H + gradient (Δμ̄H + ) composed of an electrical component (ΔΨ; interior negative) and/or a pH gradient (ΔpH; interior alkaline). This review focuses on the lactose permease of E. coli (LacY), a galactoside/H + symporter, as this membrane protein is arguably the most intensively studied secondary transporter.
BACKGROUND
The existence of a transport system for galactosidic sugars was first inferred in 1955 by Cohen & Rickenberg (10) and subsequently found to be part of by the famous lac operon (69) . In addition to regulatory loci, the lac operon contains three structural genes: (a) the Z gene encoding β-galactosidase, a cytosolic enzyme that catalyzes cleavage of lactose into galactose and glucose once it enters the cell; (b) the Y gene encoding LacY, the galactoside/H + symporter or lactose permease; and (c) the A gene encoding galactoside transacetylase, a cytosolic enzyme that catalyzes acetylation of mainly thio-β-D-galactopyranosides with acetyl-CoA as the acetyl donor and has an unknown physiological function.
The lacY gene was the first gene encoding a membrane transport protein to be cloned into a recombinant plasmid (100) and sequenced (6) . This success in the early days of molecular biology opened the study of secondary active transport at the molecular level. LacY has been used as a paradigm for secondary transport proteins to explore the mechanism of energy transduction. Overexpression of lacY was combined with use of a highly specific photoaffinity probe (49) and functional reconstitution into proteoliposomes (21, 71, 72, 107) . It was then shown (62, 107) that LacY catalyzes all the translocation reactions typical of the transport system in vivo with comparable turnover numbers. Thus, the product of the lacY gene is responsible solely for all the translocation reactions catalyzed by LacY.
LacY belongs to the major facilitator superfamily (MFS) (http://www.tcdb.org/), a large group of transport proteins thought to be evolutionarily related. LacY is selective for disaccharides containing a D-galactopyranosyl ring, as well as D-galactose, but has no affinity for Dglucopyranosides or D-glucose (92) . LacY carries out the coupled stoichiometric translocation of a galactoside with an H + (i.e., galactoside/H + symport), utilizing the free energy released from downhill translocation of H + to drive accumulation of galactosides against a concentration gradient (Figure 1a) . Notably, in the absence of Δμ̄H + , LacY also catalyzes the converse reaction, utilizing free energy released from downhill translocation of sugar to drive up-hill translocation of H + with generation of Δμ̄H + , the polarity of which depends upon the direction of the substrate concentration gradient (Figure 1b,c) . In the absence of substrate, LacY does not translocate H + ; however, LacY catalyzes exchange or counterflow of sugar without translocation of H + . Because substrate gradients by themselves generate a Δμ̄H + of either polarity, it seems intuitively likely that the primary driving force for turnover is binding and dissociation of sugar on either side of the membrane.
To obtain insight into the mechanism of transport, it is essential to identify side chains that are crucial, to delineate their function and relationship to one another, and to obtain structural and dynamic information. The use of molecular biological techniques to engineer LacY for sitedirected biochemical and biophysical approaches has provided important information about mechanism, as well as structure, and these methods have been applied to the study of many other membrane proteins. Moreover, an X-ray structure of LacY has been solved recently to a resolution of 3.5 Å (2). The structure provides critical information regarding the overall fold, the sugar-binding site, and the position of residues involved in H + translocation. Importantly, the structure confirms many conclusions derived from biochemical and biophysical studies and also reveals a number of unexpected, novel findings. Remarkably, at the same time, the structure of another member of the MFS, the phosphate/glycerol-3-P antiporter (GlpT), was solved at 3.3 Å (59). The folds of LacY and GlpT are similar (1, 59) , supporting the notion that all members of the MFS may have similar structures.
LacY IS FUNCTIONAL AS A MONOMER
One particularly difficult problem to resolve with hydrophobic membrane proteins is their functional oligomeric state. Although indirect early evidence (43) suggested that oligomerization might be important for activity, LacY was shown to be functional as a monomer by rotational diffusion measurements with eosinylmaleimide-labeled LacY or by freeze-fracture electron microscopy. Using the former approach, Dornmair et al. (15) utilized fluorescence anisotropy to demonstrate that purified, reconstituted LacY exhibits the rotational diffusion constant of a 46.5-kDa particle and that the diffusion constant is not altered in the presence of Δμ̄H + . Regarding the microscopic approach, purified LacY was reconstituted into proteoliposomes under conditions where the protein is fully functional and shown to be a monomer in the absence or presence of Δμ̄H + (13) . Moreover, the initial rate of Δμ̄H + -driven lactose transport in proteoliposomes varies linearly with the ratio of LacY to phospholipid. If more than a single molecule of LacY is required for active lactose transport, a sigmoidal relationship should be observed, particularly at low LacY/phospholipid ratios.
Notwithstanding evidence that LacY is functional as a monomer, certain paired in-frame deletion mutants complement functionally (4) . Although cells expressing the deletions individually do not catalyze active transport, cells simultaneously expressing specific pairs of deletions catalyze transport up to 60% as well as cells expressing wild-type LacY, and it is clear that the phenomenon occurs at the protein and not at the DNA level. Remarkably, complementation is observed only with pairs of LacY molecules containing large deletions separated by at least two hypothetical transmembrane helices and not with missense mutations or point deletions. Although the mechanism of complementation is unclear, it is likely related to the phenomenon whereby independently expressed N-and C-terminal fragments of LacY interact to form a functional complex (3, 121, 122) . In any case, the observation that certain pairs of deletion mutants complement functionally rekindled concern regarding the functional oligomerization state of wild-type LacY.
To resolve the problem, Sahin-Tóth et al. (91) engineered a fusion protein that contains two LacY molecules covalently linked in tandem (LacY dimer). The covalently linked LacY dimer is inserted into the membrane in a functional state, and negative dominance is not observed by either mutation or chemical modification of either half of the dimer. In order to test the caveat that oligomerization between dimers might account for the findings, a LacY dimer containing different deletion mutants, which complement each other when expressed as untethered molecules, did not catalyze lactose accumulation. Therefore, it is unlikely that LacY dimers oligomerize.
Finally, single-Cys replacement mutants in the transmembrane helices or loops of LacY dimerize in a stochastic manner (18, 31, 99) . Moreover, the asymmetric unit of the LacY crystal is composed of an artificial dimer with two molecules oriented in opposite directions (2) . Taken as a whole, the results argue strongly that LacY functions as a monomer.
PRIMARY AND SECONDARY STRUCTURE Primary
LacY is composed of 417 amino acid residues and has a molecular mass of 46,517 Da. However, like most hydrophobic membrane proteins, LacY electrophoreses with a relative molecular mass of ∼33,000 Da. Electrospray ionization-mass spectrometry (ESI-MS) has been applied successfully to LacY (54,57, 111 ,115,116) , as well as other hydrophobic membrane proteins. The molecular weight reconstruction from ESI-MS of LacY with a 6-His affinity tag at the C terminus reveals that the purified protein is homogeneous and that the computed mass is within 0.01% of that calculated from the DNA sequence with a formyl group on the initiating methionine. Although the formyl group is normally removed from native LacY (17) , overexpression may saturate the deformylase.
Secondary
The α-helical content of LacY was examined by circular dichroism (85%-90%) (20) , laser Raman (∼70%) (108) , and attenuated total reflectance-Fourier transform spectroscopy (ATR-FTIR) (∼70%) (56, 75) . Interestingly, relative to the X-ray structure, which has a helical content of 86% (80% within the membrane), circular dichroism is the most accurate of the spectroscopic methods used.
Hydropathy analysis was first applied, predicting 12 hydrophobic transmembrane domains (20) . The number and orientation of each individual transmembrane domain was studied experimentally by phoA fusion analysis (7), which is consistent with 12 transmembrane domains traversing the membrane in zigzag fashion connected by relatively hydrophilic loops with both N and C termini on the cytoplasmic face. The overall topology model has been confirmed by the three-dimensional structure ( Figure 2 ).
Generally, the boundaries of the transmembrane domains are difficult to predict. With LacY specifically, the secondary structure model was modified because of the identification of charge pairs between certain helices. Initially, hydropathy analysis placed Asp-237 in loop VII/VIII. However, second-site suppression analyses (52) indicated that Asp-237 interacts with Lys-358 (helix XI), a conclusion supported strongly by site-directed mutagenesis, chemical modification (16, 86) , and site-directed spin labeling (101) . In addition, Asp-240, which was also originally placed in loop VII/VIII, is charge-paired with Lys-319 in helix X (16, 58, 86) . Therefore, the whole region from Cys-234 to Phe-247 was moved into transmembrane VII, which approximates the X-ray structure very well (2) . Glu-126 and Arg-144 were also initially placed in loop IV/V. However, studies utilizing single amino acid deletions (117, 119) , as well as site-directed spin labeling (124) , indicate that both residues are in the helices IV and V.
Helix Packing and Functionally Irreplaceable Side Chains
Use of molecular biology approaches to engineer LacY for site-directed biochemical and biophysical studies has provided important information about its structure and mechanism (46) . A possible helix packing model was proposed from about 100 distance constraints obtained from thiol cross-linking experiments and engineered Mn(II)-binding sites (97) . Additional methods that approximate distance were also utilized qualitatively, among which are site-directed mutagenesis with the explicit purpose of engineering LacY for site-directed biochemical and biophysical techniques. In most instances, construction of mutants begins with a cassette lacY gene (EMBL X-56,095) containing a unique restriction site about every 100 bp that encodes LacY with a single Cys residue at virtually every position (cysteinescanning mutagenesis) (27) . With a library of mutants containing a single Cys residue at almost every position, it is a simple operation to construct paired Cys replacement mutants by restriction fragment replacement. Furthermore, by inserting the biotin acceptor domain from a Klebsiella pneumoniae oxalacetate decarboxy-lase or 6 to 10 His residues in either the middle cytoplasmic loop or at the C terminus, the mutant proteins are readily purified in a single step by monovalent avidin affinity or metal affinity chromatography (12, 96) , respectively. Most of the methodology involves site-directed measurements-pyrene excimer fluorescence (38) , engineered divalent metal-binding sites (paired His residues) (34, 35, 39) , electron paramagnetic resonance (11), and thiol cross-linking (47) . Although important global aspects of the structure are not revealed (e.g., the large inward-facing hydrophilic cavity or helix packing at the cytoplasmic face; see below), many of the local interactions (29, 32) are detected by using the techniques described. In view of the X-ray structure of LacY, it is not surprising that global aspects of the structure are not revealed by these approaches. However, many of the techniques are useful for dynamic information, which is difficult to obtain from a crystal structure.
Functional analysis of mutants at virtually every position has led to the following three observations (27, 46, 84) . (a) Only six side chains are irreplaceable with respect to active transport: Glu-126 (helix IV) and Arg-144 (helix V), which are crucial for substrate binding; Glu-269 (helix VIII), which is likely involved in both substrate binding and H + translocation; and Arg-302 (helix IX),His-322 (helix X), and Glu-325 (helix X), which play irreplaceable roles in H + translocation. 
TERTIARY STRUCTURE
The first X-ray structure of LacY was obtained with a thermostable mutant (C154G) that binds sugar as well as the wild-type, but exhibits little or no transport activity (64, 96) . Therefore it was surmised that the C154G mutant might be suitable for crystallization because it strongly favors a single conformation. This notion came to fruition, and a crystal structure was obtained in collaboration with Jeff Abramson and So Iwata at Imperial College London (2).
In a side view (Figure 3a) , the monomer is heart-shaped with an internal cavity open on the cytoplasmic side, and the largest dimensions of the molecule are 60 × 60 Å. In a cytoplasmic view (Figure 3b) , the molecule has a distorted oval shape, with dimensions of 30 × 60 Å. Remarkably, the structure features a large interior hydrophilic cavity, which is open only to the cytoplasmic side, with dimensions of 25 × 15 Å, indicating that the structure represents the inward-facing conformational state of LacY (Figure 3a,b) . Within the cavity, a single sugarbinding site is observed at the apex of the cavity in the approximate middle of the molecule.
The monomer has 12 transmembrane helices as described above. The molecule is organized as two six-helix bundles connected by a long loop between helices VI and VII (loop VI-VII, Figure 2 ). The N-and C-terminal six-helix domains have the same topology and exhibit twofold pseudosymmetry. Similar to GlpT (59) and OxlT (17) , within each domain, twofold pseudosymmetry is observed, indicating that the N-and C-terminal domains have the same genetic origin, as postulated by Pao et al. (74) . The hydrophilic cavity is lined with helices I, II, IV, and V of the N-terminal domain and helices VII, VIII, X, and XI of the C-terminal domain. Helices III, VI, IX, and XII are embedded largely in the bilayer and not exposed to solvent, as suggested by Guan et al. (31) .
Many of the helices are distorted (Figure 3) . The distorted helices and the large hydrophilic cavity provide a ready explanation for the high rate of backbone hydrogen/deuterium exchange observed with LacY, as determined by ATR-FTIR (90% within 10 to 20 min relative to ∼50% in 2 to 3 h with the potassium channel SliK) (55) . In addition to large-scale conformation changes, the H-bonds should be unstable in distorted helices and the hydrophilic cavity should allow access of deuterium to much of the backbone amide groups. Therefore, it is unlikely that the two six-helix domains move as rigid bodies.
Most recently, wild-type LacY has yielded crystals after more than a decade of effort (L. Guan & H.R. Kaback, unpublished data). Although the crystals of wild-type LacY are difficult to obtain because of rapid aggregation, a structure of unmodified, native LacY was obtained at a resolution of 4 Å. Importantly, the overall fold of wild-type LacY exhibits an inward-facing conformation and is similar to that of the C154G mutant. Because wild-type GlpT and LacY, as well as C154G LacY, have similar overall folds and are in the inward-facing conformation, this conformation likely reflects the lowest free-energy form. However, it is not clear whether this is the preferred form in the membrane or in a crystal lattice. In any event, the hydrophilic cavity is sufficiently large that it is visualized by freeze-fracture electron microscopy of proteoliposomes reconstituted with purified LacY (13, 14) or in filamentous arrays of LacY (60) .
THE SUGAR-BINDING SITE Indirect Studies
Galactoside transport is inactivated by N-ethylmaleimide (NEM), and LacY can be selectively labeled with radioactive NEM by substrate protection against alkylation (22) . The substrateprotected residue was shown to be Cys-148 (5), thus providing initial evidence that the substrate-binding site may involve helix V. However, when Cys-148 is replaced with various side chains, neither binding nor active transport is abolished (37) . From the X-ray structure (see below), it is apparent that Cys-148 is near the galactosyl end of the ligand but does not make direct contact with sugar ( Figure 4) . Thus the inactivating effect of alkylation is due to a steric effect, and conversely, binding of a galactoside protects against alkylation. A similar steric effect is observed when Ala-122 (helix IV) is replaced with Cys. However, it is remarkable that alkylation of mutant A122C causes LacY to become specific for binding and transport of the monosaccharide galactose (32, 53) .
Cysteine-scanning mutagenesis reveals that replacement of Glu-126 (helix IV) or Arg-144 (helix V) with neutral amino acyl side chains abolishes transport, and activity is not observed with double-neutral substitutions or when the residues are interchanged (24) . Only mutants E126D and R144K exhibit any activity whatsoever. Mutant E126D accumulates lactose at a lower rate to a normal steady state, whereas mutant R144K transports lactose at a negligible rate to a miniscule steady state (24) . In addition, lactose-induced H + translocation is observed at a slow rate with E126D permease, but not with any of the other Glu-126 or Arg-144 mutants.
Glu-126 and Arg-144 are postulated to form a charge pair. Replacement of either residue with Ala in a LacY mutant containing a single-Cys residue at position 148 markedly decreases NEM labeling of Cys-148, but the double-Ala mutant labels normally. Thus, an unpaired charge causes a conformational perturbation that decreases the reactivity of Cys-148, whereas doubleneutral replacement with Ala, replacement of Arg-144 with Lys, or interchanging Glu-126 and Arg-144 has no such effect (105) . Further evidence for charge pairing was obtained by spontaneous disulfide cross-linking (118) and site-directed spin labeling (125) . Direct binding assays show that none of the Arg-144 mutants, including R144K, binds lactose or the highaffinity substrate analogue p-nitrophenyl α-D-galactopyranoside (NPG), and that neutral replacements for Glu-126 do not bind NPG or β-D-galactopyranosyl 1-thio-β-Dgalactopyranoside (TDG), but mutant E126D exhibits significant binding of TDG (93) . In addition, there is no substrate protection against NEM labeling when Glu-126 and Arg-144 are interchanged. As a whole, the results demonstrate that a carboxyl group at position 126 and a guanidino group at position 144 are absolute requirements for substrate binding and suggest that the two residues may be charge-paired. Recent studies using ESI-MS also support the interaction of Arg-144 and Glu-126 by covalent modification of the guanidino group with the Arg-specific reagent butane 2,3-dione (BD) (109) . The reactivity of Arg-144 with BD is low and reduced further in the presence of ligand. Interestingly, replacement of Glu-126 with Ala results in an increase in the reactivity of Arg-144, consistent with a charge pair between Arg-144 and Glu-126 in the absence of sugar that is disrupted upon ligand binding.
Trp-151, two turns of helix V from Arg-144, also plays an important role in substrate binding (29) , although mutants W151Y and W151F catalyze active lactose transport with time courses similar to those of the wild-type. Mutant W151F or W151Y binds NPG and TDG relatively poorly, but surprisingly, there is relatively little change in the kinetics of lactose transport. In addition, amino acid replacements with an alkyl side chain exhibit little or no transport and no significant binding affinity.
The fluorescent properties of Trp-151 from a fully functional mutant devoid of all other Trp residues were investigated (103). The steady-state fluorescence spectrum of Trp-151 and fluorescence quenching experiments with water-soluble quenchers demonstrate that Trp-151 is in a hydrophilic environment. Furthermore, substrate binding leads to a blue shift in the fluorescence spectrum and reduction in accessibility to polar quenchers, indicating that Trp-151 becomes less exposed to aqueous solvent. In addition, the phosphorescence spectrum of Trp-151 is red-shifted in the presence of substrate, indicating a direct stacking interaction between the galactopyranosyl and indole rings. Finally, studies with N-bromosuccinimide (NBS) show that in the presence of ligand reaction with Trp-151 is protected (104).
Glu-269 (helix VIII), another irreplaceable residue, is also critical for substrate recognition and may be involved in H + translocation as well (see below) (23,33, 90 , 102 ,105,110) . Neutral replacements abolish lactose transport, and replacement with Asp leads to decreased affinity for TDG or NPG. Significant transport of TDG is observed, and there is about a threefold increase in H + /TDG stoichiometry (23, 102) . Furthermore, Glycine-scanning mutagenesis of mutant E269D shows that it can be rescued with respect to binding and all translocation reactions, suggesting that positioning of the car-boxyl group at position 269 in the binding site is critical (110) . Analysis of the CNBr fragment containing Glu-269 by ES-MSI demonstrates that this carboxyl group is protected by substrate against reaction with hydrophobic carbodiimides. Together with other evidence, the findings suggest that Glu-269 may H-bond with the O 3 of the D-galactopyranosyl ring (111) .
Direct Evidence from the Crystal Structure
Visualization of the substrate-binding site in the X-ray structure demonstrates a primary interaction between the irreplaceable residue Arg-144 (helix V) and the O 3 and O 4 atoms of the galactopyranosyl ring via a bidentate H-bond (2), as suggested by the biochemical findings discussed above (Figure 4) . The irreplaceable residue Glu-126 (helix IV) is in proximity to Arg-144 and may interact with the O 4 , O 5 , or O 6 atoms of the galactopyranosyl ring via water molecules. A direct interaction between Arg-144 and Glu-126 is not observed in the ligandbound structure, consistent with the idea that the salt bridge is absent in the presence of ligand (105, 109) . Satisfyingly, a hydrophobic interaction between the bottom of the galactopyranosyl ring and the indole ring of Trp-151 (helix V) is confirmed. The C-6 atom of the galactopyranosyl ring also appears to interact hydrophobically with Met-23 (helix I), but mutagenesis of Met-23 has no effect on ligand binding (I. Smirnova & H. R. Kaback, unpublished data).
The binding site in the N-terminal domain is similar to those of many other galactoside-and sugar-binding proteins (69, 75, 95) . Glu-269 in helix VIII in the C-terminal domain appears to form a salt bridge with Arg-144 and is in close proximity to Trp-151. Fluorescence studies with NBS suggest an H-bond between the carboxyl group at position 269 and the indole N of Trp-151 in the absence of ligand (104) . Thus, contacts between Glu-269 in the C-terminal domain and Arg-144 and Trp-151 in the N-terminal domain may be key to providing the important energetic link between the two helical bundles.
Fewer interactions are observed with the sugar and the C-terminal domain. Helices VII (Asp-237) and XI (Lys-358) (Figure 4 ), which are symmetrically related to helices I and V, respectively, are also involved in TDG binding. However, these residues likely play only a supporting role relative to the N-terminal primary binding site by providing additional affinity for disaccharide substrates. This explains why the monosaccharide galactose has poor affinity for LacY but behaves like any other substrate with respect to transport and protection of Cys-148 against alkylation (85) . It is critical to understand that galactose is the most specific substrate for LacY but has low affinity, which is increased markedly by various adducts, particularly if they are hydrophobic, at the anomeric carbon (85) . In contrast to Arg-144 and Glu-126, which are absolutely required, the charge pair between Asp-237 and Lys-358 is interchangeable, and both can be replaced simultaneously by neutral side chains with little effect on activity (16, 86, 88) . Therefore, the interaction of Lys-358 with ligand cannot be absolutely required for galactoside binding, although the charge pair between Lys-358 and Asp-237 is important for efficient insertion of LacY into the membrane (16, 26) . The essential portion of the substrate-binding site with respect to specificity is in the N-terminal domain, and the residues in the C-terminal domain that interact with the adduct on the anomeric carbon of galactopyranoside increase affinity but have little to do with specificity. Furthermore, although the C 2 , C 3 , and C 6 OH groups on the galactopyranosyl ring play roles in H-bonding, the C 4 OH is unequivocally the most important determinant for specificity (92) . The hydrophobic interaction between the galactopyranosyl ring and Trp-151 is likely to orient the ring so that important H-bonds can be realized (29).
As discussed above, highly specific photo-labeling of LacY with NPG (49) was useful for following the protein during purification (71) . Subsequent proteolysis experiments (28) demonstrate that the photolabel is in the C-terminal half of LacY. However, because it is clear that all the determinants for sugar specificity are in the N-terminal half of the molecule, there is an apparent conundrum. The nongalactosyl end of NPG (which is photo-activated) is proximal to helices VII and XI (i.e., the C-terminal half of the molecule). Thus, although NPG labels LacY in a highly specific manner, misleading information is obtained regarding the important part of the binding site and may represent a general caveat regarding the use of photoaffinity probes.
RESIDUES INVOLVED IN H + TRANSLOCATION AND COUPLING Biochemistry
One fundamentally important problem is the identification of the residues involved in H + binding and the mechanism of coupling between sugar and H + translocation. As opposed to an initial proposal that sugar binds to unprotonated LacY (44), current evidence indicates that LacY is protonated prior to ligand binding (90) . Most recently, it has been shown directly ( J. Vazquez-Ibar, S. Schuldiner & H.R. Kaback, unpublished data) that addition of TDG to a concentrated solution of purified, detergent-solubilized LacY induces no change in pH, whereas a positive control with the antiporter EmrE under identical conditions releases 1 H + / mol EmrE upon addition of tetraphenylphosphonium (98) .
It is difficult to study the mechanism of H + translocation. However, in addition to Δμ̄H + -driven active transport, LacY catalyzes other modes of translocation that are important for coupled H + translocation. Because individual steps in the overall translocation cycle cannot be delineated by studying Δμ̄H + -driven active transport, LacY-mediated efflux down a chemical gradient, equilibrium exchange, and entrance counterflow are used to probe the mechanism (48, 50) . Efflux, exchange, and counterflow with wild-type LacY are explained by a simple kinetic scheme ( Figure 5 ). H + -coupled efflux consists of five steps: [1] binding of H + and [2] binding of lactose to LacY at the inner surface of the membrane; [3] a conformational change in LacY that results in translocation of lactose and H + to the outer surface of the membrane; [4] release of substrate; [5] release of H + ; [6] a conformational change corresponding to return of unloaded LacY to the inner surface of the membrane. Alternatively, during exchange and counterflow LacY does not deprotonate and only steps 1,2, and 3 are involved.
Many enzyme reactions involve H + transfer in the rate-limiting step, and as a result, these reactions may exhibit a solvent isotope effect when studied in deuterium oxide (D 2 O). In brief, such reactions proceed slower in D 2 O because of differences in the zero-point stretch vibrations of bonds to protium relative to deuterium (36, 94) . With right-side-out (RSO) vesicles or proteoliposomes reconstituted with purified LacY, over threefold slowing of the rate of H + -coupled downhill lactose influx or efflux is observed in D 2 O from pH 5.5 to 7.5, with no effect on Δμ̄H + -driven active transport, exchange, counterflow, or affinity for sugar (9, 50, 106) . These and other observations indicate that reactions involved in protonation or deprotonation are not rate determining for Δμ̄H + -driven active transport, exchange, or counterflow, whereas protonation or deprotonation are rate limiting when a lactose gradient drives H + translocation (Figure 1b,c) .
Efflux, exchange, and counterflow are blocked in His-322 mutants, and replacement with Asn or Gln results in a 50-fold decrease in affinity for TDG (90) . However, the mutants catalyze lactose influx down a concentration gradient at a slow rate (73, 77, 78) without H + translocation. In contrast, Glu-325 mutants are specifically defective in all steps involving net H + translocation but catalyze lactose exchange and counterflow as well as or better than wild-type LacY (43) . Thus, Glu-325 is required for deprotonation (step 4). Glu-325 mutations mimic D 2 O or mAb 4B1 (8, 9) , but affinity is unaffected by neutral replacements, D 2 O, or mAb 4B1. Similarly, replacement of Arg-302 with Ala or Ser maintains exchange and counterflow, although active transport is completely inhibited (63, 89) . Extensive mutagenesis and functional characterization reveal that neutral replacements for Glu-269 cause LacY to become defective in all translocation reactions. Even replacement of Glu-269 with Asp yields LacY that hardly catalyzes active lactose transport, efflux down a concentration gradient, or equilibrium exchange. However, as discussed above, mutant E269D accumulates TDG with an increase in H + /TDG stoichiometry (23, 102) and markedly decreased affinity for TDG (33, 90, 105, 110) . Therefore, Glu-269 is probably involved in H + translocation and sugar binding, as well as coupling between sugar and H + translocation.
Interestingly, when Tyr-236 (helix VII) is replaced with Phe, active transport and efflux are abolished, and the mutant catalyzes significant equilibrium exchange (84) . In contrast, mutants with Cys (27) or Ala (S. Frillingos & H.R. Kaback, unpublished data) in place of Tyr-236 catalyze significant active transport. A possible interpretation of this behavior is that in the Y236C or Y236A mutants, water replaces the OH group of Tyr. It is intriguing that the X-ray structure (see below) shows Tyr-236 to be within H-bond distance of Arg-302 and His-322.
X-Ray Structure
In the structure, a complex salt bridge/H-bond network ( Figure 6 ) composed of residues from helix VII (Tyr-236 and Asp-240), helix X (Lys-319, His-322, and Glu-325), and helix IX (Arg-302) is observed. As discussed above, biochemical analyses indicate that His-322, Glu-325, and Arg-302 are probably directly involved in H + translocation. Note that Glu-325 is embedded in a hydrophobic milieu formed by Met-299 and Ala-295 (helix IX), Leu-329 (helix X), and Tyr-236 (helix VII), which is consistent with the notion that Glu-325 is protonated in this conformation (46) . Therefore, the structure represents the protonated inwardfacing conformation with bound substrate. It has been suggested (89) that Arg-302 could interact with Glu-325 to drive deprotonation. On the one hand, in the structure shown, the side chain of Arg-302 is ∼7 Å away from Glu-325, suggesting that a large conformational rearrangement may occur. On the other hand, LacY with two Cys residues at positions 302 and 325 exhibits excimer fluorescence (38) , and with two His residues, an Mn(II)-binding site is observed (34) . The structural data combined with biochemical/molecular biological studies discussed above provide support for the suggestion that His-322 may be the immediate H + donor to Glu-325. Because mutants with simultaneous neutral replacements for Asp-240 and Lys-319 maintain significant transport activity (86, 88) , it is unlikely that this salt bridge is directly involved in H + translocation; however, the two residues could be involved in stabilization of the salt bridge/H-bond network. Interestingly, transport is abolished when Asp-240 and Lys-319 are reversed (86) or replaced with Cys residues and then cross-linked (123) .
The closest distance between this network and the sugar-binding site is more than 6 Å, indicating that the network does not interact directly with the sugar-binding site in the inwardfacing conformation. Glu-269 is the only irreplaceable residue in the C-terminal half of LacY that interacts with the N-terminal half and has been postulated to be involved in both substrate and H + translocation. Glu-269 is in the vicinity of His-322 (closest distance 5.8 Å). On the basis of biophysical studies, it has also been proposed that Glu-269 makes contact with His-322 in another conformation or via a water molecules(s) (33, 38, 39) . The results are consistent with the notion that Glu-269 is critical for coupling between sugar and H + translocation.
Although it is generally thought that H + translocation across membranes involves movement of H + through a pathway perpendicular to the plane of the membrane and parallel to the transmembrane helices, surprisingly, this does not appear to be the case for LacY ( Figure 7) . As shown, the residues involved in H + translocation in LacY are at about the same level as the residues that form the sugar-binding site (Figure 7a ), and they are essentially parallel to the plane of the membrane and perpendicular to the transmembrane helices (Figure 7b ). Thus, it seems likely that H + translocation in LacY may involve a delocalized H + -binding site. By this means, H + translocation may occur much like sugar translocation, involving alternating access to both binding sites to either side of the membrane. Such a scenario would explain the long-standing problem of how sugar-driven H + translocation can occur in either direction across the membrane utilizing the same residues.
PROPOSED MECHANISM OF LACTOSE/H + SYMPORT
The mechanism of galactoside/H + symport can be explained by a simple scheme (Figure 8 ) in which the structure corresponds to the protonated, inward-facing conformation with bound substrate (Figure 8d) . LacY in the outward-facing conformation may be unstable (Figure 8a ) and protonated immediately as postulated (Figure 8b) (46) . In this state, the H + is shared between Glu-269 and His-322. A galactoside is then recognized initially by Trp-151, Arg-144, and Glu-126, which disrupts the salt bridge between Arg-144 and Glu-126 and brings His-322 in contact with Glu-325. These changes may induce H + transfer from His-322 to Glu-325 as Glu-269 is recruited to complete the binding site by forming a salt bridge with Arg-144 ( Figure  8c ). This process may also cause rapid transition to the inward-facing conformation ( Figure  8d ). Substrate is then released into the cytoplasm (Figure 8e) , and the salt bridge between Arg-144 and Glu-126 is reestablished. The H + is then released from Glu-325 (Figure 8f ) probably because of a decrease in pK a caused either by approximation to Arg-302 (46, 89) , exposure to solvent in the aqueous cavity (cytoplasmic pH is constant at 7.6), or both. After releasing the H + inside, transition back to the outward-facing conformation is induced.
The structure of LacY exhibits a single sugar-binding site at the apex of a hydrophilic cavity open to the cytoplasm, and it has been postulated from the structure (2) that the binding site has alternating access to either side of the membrane during turnover, as shown in Figure 9 . However, it is not clear whether Δμ̄H + changes binding affinity, particularly with LacY, as ΔΨ and ΔpH have quantitatively the same kinetic (83) and thermodynamic (80,81) effects on transport.
Although substrate protection against alkylation of Cys-148 by NEM is particularly useful for obtaining apparent binding constant values (K D ) of LacY for various substrates over a wide range of concentrations (25,85, 87 , 89 , 90 ,93,105) , it is difficult to obtain true K D values on each side of the membrane for a transport protein in the presence of Δμ̄H + because the ligands used are translocated across the membrane and may accumulate in RSO vesicles, thereby leading to underestimation of K D . However, in a recent series of experiments (30) , lactose or TDG protection of Cys-148 against alkylation by NEM were carried out on ice, which decreases substrate accumulation drastically (45) . Under these experimental conditions, in the absence of Δμ̄H + , both ice-cold RSO and ISO (inside-out) vesicles likely equilibrate with the external medium. In the presence of Δμ̄H + RSO vesicles may still be able to accumulate lactose or TDG two-to threefold, even though the reactions are carried out on ice for only 5 min. Therefore, the measured K D values for RSO vesicles in the presence of Δμ̄H + may be underestimated by two-to threefold. However, this is unlikely, as ISO vesicles in the presence of ATP generate a Δμ̄H + of opposite polarity (interior positive and/or acid) ( Figure 10 ) (82) that causes a decrease in the intravesicular concentration of ligand relative to the concentration in the medium (50) . Remarkably, results with both lactose and TDG demonstrate that the K D manifested by ISO vesicles exhibits less than a twofold change in the absence or presence of Δμ̄H + . Moreover, the K D values observed with RSO or ISO vesicles in the absence or presence of Δμ̄H + are similar within experimental error. The results provide a strong indication that Δμ̄H + has little or no effect on binding affinity, a conclusion that raises a number of interesting considerations regarding the mechanism by which Δμ̄H + drives accumulation.
In the presence of Δμ̄H + (interior negative and/or alkaline), wild-type LacY can accumulate lactose against a ∼100-fold concentration gradient. Without a significant decrease in binding affinity on the inside of the membrane, how does Δμ̄H + drive lactose accumulation against a concentration gradient? Because of the effect of D 2 O on various translocation reactions, Viitanen et al. (106) have postulated that the rate-limiting step for downhill transport in the absence of Δμ̄H + is deprotonation, which precedes return of unloaded LacY to the outer surface of the membrane; in contrast, in the presence of Δμ̄H + dissociation of sugar is rate limiting. Note that the primary kinetic effect of ΔΨ or ΔpH on transport is a dramatic decrease in K m (83) . Therefore, it seems reasonable to suggest that Δμ̄H + enhances the rate of deprotonation on the inner surface of the membrane and thereby allows unloaded LacY to return more rapidly to the outward-facing conformation. Thus, the major effect of Δμ̄H + on active transport by LacY appears to be kinetic with little or no change in affinity for sugar.
Although biochemical and biophysical studies, as well as a single structure at a resolution of 3.5 Å, can give clues to how the overall conformational change in LacY may be coupled to sugar binding and H + translocation, many fundamental questions remain. Why is protonation of LacY important for sugar binding? What is the detailed mechanism of coupling between binding and H + translocation? What is the time of occupancy of LacY in the outward-facing and inward-facing conformations? Therefore, it is essential to obtain higher-resolution structures in different conformations, as well as dynamics, in order to understand fully the mechanism of substrate/ H + symport by LacY.
LESSONS
It is clear from the studies summarized in this review that local interactions in LacY can be obtained by indirect means. However, it is also apparent that important global aspects of structure are difficult to delineate in this manner. For example, the residues in LacY involved in specificity and sugar binding were identified initially by site-directed mutagenesis and functional studies, and the conclusions are supported largely by the X-ray structure. In contrast, it is highly unlikely that the large, inward-facing hydrophilic cavity, as well as the highly distorted helices, could have been deduced from the indirect techniques utilized.
Although unexpected, the residues involved in H + translocation are aligned parallel to the plane of the membrane at the same level as the sugar-binding site and may be exposed to a waterfilled cavity in both the inward-and outward-facing conformations. Therefore, like the galactosidic sugar, the H + may be released directly into either cavity during turnover. In any event, it is apparent that H + translocation through LacY cannot involve a water-filled channel through the molecule. These structural features may also explain why LacY catalyzes lactose/ H + symport in both directions across the membrane utilizing the same residues.
Structural biology of membrane proteins is finally becoming a reality, as evidenced by the increasing number of structures that are now appearing (http://www.mpibp-frankfurt.mpg.de/michel/public/memprotstruct.html). However, it is important to realize that an X-ray structure, even at high resolution, does not provide dynamic information, and with transport proteins like LacY, the time of occupancy in different conformations may be an essential part of the transport mechanism. Therefore, use of molecular biology to engineer membrane proteins for dynamic studies with biochemical and biophysical techniques is critical.
SUMMARY
The lactose permease of E. coli (LacY) couples the free energy released from downhill translocation of H + in response to an H + electrochemical gradient to drive the stoichiometric accumulation of D-galactopyranosides against a concentration gradient. An X-ray structure in an inward-facing conformation has been solved, which confirms many conclusions from biochemical and biophysical studies. LacY contains N-and C-terminal domains, each with six transmembrane helices, positioned pseudosymmetrically. A large hydrophilic cavity is exposed to the cytoplasm, and ligand is bound at the twofold axis of symmetry at the apex of the hydrophilic cavity in the approximate middle of the molecule. By combining a large body of experimental data derived from systematic studies of site-directed mutants, residues involved in substrate binding and H + translocation have been identified, and on the basis of the functional properties of the mutants and the X-ray structure, a working model for the mechanism that involves alternating access of the binding site has been postulated.
Glossary
Electrochemical H + gradient (Δμ̄H + ) when two aqueous phases are separated by a membrane, the electrochemical potential difference of H+ between the two phases is expressed as Δμ̄H + /F=ΔΨ−2.3RT/FΔpH ΔΨ the electrical potential across the membrane ΔpH the pH; gradient across the membrane LacY lactose permease
Second-site suppressor analysis involves selection of a second mutation that corrects (suppresses) the phenotype of an original inactivation mutation, which can be done by random or site-directed mutagenesis
Cysteine-scanning mutagenesis the use of site-directed mutagenesis to replace individual residues in a given protein, or a region of that protein, with cysteine
Excimer fluorescence an excited-state dimer observed in the fluorescence-emission spectrum, which emits at a higher wavelength than the monomer fluorescence Secondary structure model of LacY derived from the X-ray structure. The helices (rectangles) traverse the membrane in a zigzag fashion connected by hydrophilic domains external to the membrane. The helices are drawn to scale according to the X-ray structure, and dark green areas represent the portions of the helices that are within the membrane. The loops depict connectivity only. Residues at the kinks in the transmembrane helical domains are shown as light blue rectangles; residues in black rectangles are involved in substrate binding; residues in red are involved in H + translocation. Glu-269 (black rectangle bordered in red) is involved in both substrate binding and H + translocation. Salt-bridged residues are shown as orange rectangles. The large hydrophilic cavity is designated by an inverted yellow triangle, and sugar is depicted by two green circles, with N and C representing those moieties that interact with the N-and C-terminal halves of LacY, respectively. Kinetic scheme for galactoside/H + symport, exchange, and counterflow. Y represents LacY, and S is substrate (lactose). Steps involved in exchange and counterflow (steps 2,3, and 4) are in orange. During downhill symport in the absence of Δμ̄H + , the rate-limiting step is deprotonation (step 1 or 5); in the presence of Δμ̄H + , dissociation of sugar is rate limiting (step 2 or 4). Configuration of residues involved in sugar binding (green) and H + translocation (orange). 
